Abstract Detection of quantitative trait loci (QTLs) is dependent on the materials used in the analysis, as different combinations of parental materials may lead to different outcomes in QTLs for the same trait. On the other hand, an extreme phenotype associated with a given trait implies the potential involvement of a particular allele in various allelic interactions. A genetic factor associated with such an extreme phenotype may frequently be identified from various genetic populations consisting of different parental combinations. In this study, we attempted to uncover the genetic factor associated with extremely early heading date in rice, using various F2 populations. Heading date in rice has been characterized by at least 19 QTLs, from which 12 genes have been identified. A58, a rice strain with an extremely early heading date, is adapted to Hokkaido, the northernmost limit of rice cultivation. Six F2 populations derived from crosses of A58 with six other strains displayed a range of heading dates. Genotyping using 19 QTL markers indicated that the A58 allele of the Ghd7 locus was present in most F2 individuals exhibiting extremely early heading dates. This analysis also demonstrated that when the wild-type Ehd1 allele was present, the Ghd7 allele from A58 accelerated floral induction. The results of this study demonstrate that assorted F2 populations are valuable materials for comprehensive genotyping to explore major genetic factors for extreme phenotypes, and that this methodology is broadly applicable to other unknown traits.
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Keywords Assorted F2 populations Á Extreme phenotype Á Heading date Á Ghd7 Á Ehd1 Á Rice Analyses for quantitative trait loci (QTLs) have broadly and profoundly contributed to the discovery of a complex of genes with minor effects for a particular phenotypic trait (Borevitz and Chory 2004 ). An enormous number of QTLs have been identified using second filial generation (F2) populations, recombinant inbred lines (RILs), backcross inbred lines (BILs), and chromosomal substitution lines in various crops (Yamamoto et al. 2009; Wurschum 2012) . As technical development has boosted the ability to produce high-resolution genomic markers throughout the genome, QTL detection accuracy and frequency have greatly advanced (Ganal et al. 2009; Varshney et al. 2009 ). In rice, QTL analyses have generally employed RILs and BILs (Yamamoto et al. 2009 ). Unlike F2 populations, RILs and BILs are genetically stable after establishment, allowing recurrent use under different conditions. Such populations, however, possess only the two parental alleles at each locus, limiting genetic variation to two entities. Consequently, a trait of interest examined using RILs or BILs is defined by their parental characteristics. Ebana et al. (2011) successfully characterized known QTLs for rice heading date using multiple F2 populations derived from different cross combinations. The different allele combinations resulted in different phenotypic variations for the corresponding trait in the F2 populations. Their study caused us to consider whether common genetic factors can be extracted from individuals exhibiting phenotypes extremely different from the majority in various F2 populations. Different F2 populations are expected to show a wide range of phenotypic variations. If particular F2 populations have distinct distributions of phenotypic variations, we might be able to explore the loci associated with such distinct phenotypes using F2 individuals and isolate major genetic factors.
To attempt isolation of major genetic factors from various F2 populations, we focused on rice heading date, a well-characterized, important agricultural trait. Approximately two dozen QTLs (Hd1-Hd17, Ehd1, Ehd2, Ehd3, Edh4, and Ghd7) associated with heading date have been reported over roughly the last decade (Yano et al. 1997; Yamamoto et al. 2000; Lin et al. 2003; Takeuchi et al. 2003; Uga et al. 2007; Matsubara et al. 2008a Matsubara et al. , b, 2011 Shibaya et al. 2011; Gao et al. 2013) , and genes have been identified and characterized in 12 QTLs: Hd1, Hd2, Hd3a, Hd5 (Ghd8), Hd6, Hd16, Hd17 (Hd3b), Ehd1, Ehd2, Ehd3, Ehd4, and Ghd7 Takahashi et al. 2001; Kojima et al. 2002; Doi et al. 2004; Xue et al. 2008; Matsubara et al. 2008b Matsubara et al. , 2011 Matsubara et al. , 2012 Yan et al. 2011; Hori et al. 2013; Koo et al. 2013) . Comprehensive gene identifications in a quantitative trait facilitate direct mapping of genes having unknown genetic contributions to their associated phenotypes.
An old rice strain, A58, is characterized by extremely early heading date, which is thought to be required for adaptation to northernmost limits of cultivation such as Hokkaido (Baruah et al. 2011) . In studies of F2 and BC1F1 populations between Hokkaido variety Hoshinoyume and Nipponbare (Fujino and Sekiguchi 2005b) , alleles of both Hd2 and Ghd7 (=Hd4) were found to be essential to conferral of extremely early heading date. Some other Hokkaido varieties showing extremely early heading also possess these recessive alleles (Fujino and Sekiguchi 2005a; Nonoue et al. 2008 ). We did not know, however, whether Hokkaido strain A58 also contained the same functional alleles possessed by the other Hokkaido varieties. In this study, we produced F1 seeds derived from six combinations, in which A58 as the seed parent was crossed with three japonica strains, Nipponbare, Koshihikari, and Taichung 65 (T65), and three indica strains, #108, IR36, and Kasalath. The F1 plants were cultivated in a greenhouse equipped with a short-day chamber at Hokkaido University (Sapporo, Japan) in 2012. To evaluate F2 populations, about 200 seeds from each F1 population were sown in nursery beds in the greenhouse, with 4-week-old seedlings, then transplanted into a paddy field at the university. Sowing and transplanting were performed on May 7 and June 4, 2012. Days to heading of the earliest heading panicle among individual panicles were recorded for each plant to represent the number of days required from sowing to heading.
Heading status was checked every 2 days, beginning in the middle of July, 2012. All six pollen parents showed later heading dates (114-126 days in Sapporo, Hokkaido, Japan, 43°N latitude) relative to A58 (81 days). The latest strain was IR36, which headed at 126 days. The six F2 populations derived from the cross of A58 with the six pollen parents showed different segregation patterns in terms of heading date ( Supplementary Fig. S1 ). Based on the earliest observed heading date compared with that of A58, the F2 populations were classified into three groups: (1) those individuals earlier than A58 [F2 populations of A58/Kasalath (F2-A58/Kasalath) and F2-A58/ #108]; (2) individuals comparable to A58 in earliness (F2-A58/Nipponbare and F2-A58/Koshihikari); and (3) those which were later than A58 (F2-A58/IR36 and F2-A58/T65) ( Supplementary Fig. S1 ).
We randomly selected 93 individuals from each F2 population (comprising about 200 individuals each), and performed genotyping using simple sequence repeat (SSR) markers (McCouch et al. 2002; Fujino and Sekiguchi 2005a; Matsubara et al. 2008a, b) for 19 loci related to heading date (Table 1) . Polymorphisms McCouch et al. (2002) for all the markers with RM numbers, Matsubara et al. (2008a) for P548D347 and 0007o20, Matsubara et al. (2008b) for SSR-1 c DTH days to heading, A represents homozygote of A58 allele, B is homozygote of the pollen parental allele, and H is heterozygote * Significance level of 1 % as determined by ANOVA at each locus between A58 and the other strains were assessed by PCR. No polymorphisms were detected between A58 and japonica strains at 11 or 8 loci because of genetic similarities to A58. Between A58 and indica strains, polymorphisms were detected at all 19 loci (Table 1) . Average heading dates were calculated for all individuals that were homozygous or heterozygous at each locus. The significance of correlations between heading date and alleles at each locus was assessed by ANOVA. The Ghd7 locus was significantly associated with heading date in four F2 populations (F2-A58/Nipponbare, F2-A58/Kasalath, F2-A58/IR36, and F2-A58/#108) ( Table 1) , while a correlation with Hd2 was detected in three (F2-A58/ Nipponbare, F2-A58/T65, and F2-A58/IR36) (Table 1) . Other significant correlations with heading date were found with Hd1 (F2-A58/Nipponbare); Hd6, Hd16, and Ehd1 (F2-A58/Kasalath); Hd17 (F2-A58/ IR36); and Hd3 and Hd5 (F2-A58/#108) ( Table 1) . Two-way ANOVA detected a strong interaction (P \ 0.01) between Ghd7 and Ehd1 in F2-A58/ Kasalath (Supplementary Table S1 ). We subsequently focused on 20 individuals from the four F2 populations (four plants from F2-A58/Nipponbare, two plants from F2-A58/Koshihikari, 12 plants from F2-A58/Kasalath, and two plants from F2-A58/#108) that had earlier or identical heading dates to A58. These extreme individuals were genotyped at the 19 loci, and the resulting data were statistically evaluated for nonMendelian distributions. As shown in Table 2 , the distribution of Ghd7 genotypes was clearly divergent from the expected Mendelian segregation ratio (1:2:1 for two alleles). Eighteen individuals were homozygous at Ghd7 for the allele from A58, implying its contribution to their extremely early heading dates. In contrast, no contribution to early heading date was observed from the A58 allele at the Ehd1 locus ( Table 2 ), implying that the homozygous Ehd1 alleles from A58 tended to inhibit early heading. In fact, a marked epistatic interaction (P = 0.0096, Supplementary Table S1 ) was detected between Ghd7 (A58 allele) and Ehd1 (Kasalath allele) in F2-A58/Kasalath, as suggested by two-way ANOVA (Fig. 1) . The tradeoff interaction between both the wild-type alleles from Ghd7 and Ehd1 has actually been observed with respect to their expressions under long-day conditions (Matsubara et al. 2011 ). In the cited study, expression of Ghd7 suppressed that of Ehd1, leading to delayed floral induction under long-day conditions. Sequence analysis has determined that A58 contains the same recessive Ghd7 allele found in Hoshinoyume (Lu et al. 2012) (Supplementary Fig. S2 ), and Doi et al. (2004) have reported that Kasalath contains a functional Ehd1. It has thus been suggested that the combination of the A58 allele of Ghd7 and the Kasalath allele of Ehd1 accelerates floral induction following basic vegetative growth (Tsuji et al. 2011 ). In our study, this allele combination promoted a significantly shorter heading date than did A58 alone.
It is curious that when A58 was crossed with indica strains, some loci in the corresponding F2 populations did not segregate in a Mendelian manner irrespective of heading date, i.e., marked genetic distortion occurred in Hd8 and Hd13 in F2-A58/IR36 and Hd1 and Ghd7 in F2-A58/#108 (Table 1) . Such genetic distortion has often been observed in hybrid progenies of distantly related strains. Because of this genetic distortion, a large number of F2 individuals are required to satisfy statistical testing.
The purpose of this pilot study was to demonstrate the use of assorted F2 populations, rather than RILs or BILs, for rapid extraction of major genetic factors and/ or interactions associated with extreme phenotypes in complex QTLs. Heading date was a feasible trait with which to search for functionally important genes: there are at least 19 heading date-related genes or loci currently characterized, which allowed us to perform their genotyping directly. We successfully detected one major genetic interaction associated with extremely early heading date from F2 populations derived from crosses between A58, a strain adapted to the northernmost rice cultivation limit, and assorted other strains. The F2 populations examined here exhibited different distributional patterns of heading date frequencies, implying that various combinations of genetic factors were present. As shown in this study, individuals with extreme phenotypes in assorted F2 populations are valuable materials for exploring the major genetic factor(s) involved in such phenotypes. This approach has both strengths and weaknesses: the strengths are to select the most effective one(s) from among a broad range of the genetic interactions derived from multiple alleles, and to accomplish isolation of such interaction(s) in a short period as F2 generation, while the weakness is to require a number of F2 plants from the different cross combinations to obtain conclusive results. Combined with deciphered genomic information, this methodology is broadly applicable to the investigation of various polygenic traits associated with extreme phenotypes, such as biotic and abiotic stress tolerance and disease and insect resistance. Table S1) 
